RESEARCH
M icronutrient malnutrition is a major global health concern (Fletcher et al., 2004) . More than half the population of the developing world receives inadequate micronutrient levels in their diets (Bouis, 2003) . Two of the most widespread micronutrient defi ciencies are that of Fe and Zn. Iron defi ciency aff ects 3.7 billion people (Welch, 2002) , and an estimated 49% of the human population is at risk for inadequate zinc in their diet (Brown et al., 2001) .
Through the international, interdisciplinary research program HarvestPlus, an initiative was developed to alleviate micronutrient malnutrition by increasing the content of Fe and Zn in staple crops (Pfeiff er and McClaff erty, 2007) . Common bean (Phaseolus vulgaris L.), an important legume staple in much of the developing world, is one of the crops targeted for biofortifi cation. Bean has long been recognized as a nutritionally valuable food for human nutrition. Although a cup of beans supplies 25% of the recommended daily allowance of iron and 15% of the recommended daily allowance of zinc, the potential exists to develop varieties with two to three times the Fe and Zn content. Common bean genetic variability
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ABSTRACT
Iron and zinc are essential micronutrients for human health often found in insuffi cient quantities in the diet. Biofortifi cation of seed crops has been undertaken to reduce micronutrient malnutrition. The objectives of this study were to identify variability for seed Fe, Zn, P, and phytic acid levels in an F 5:7 recombinant inbred line (RIL) population developed from a cross between AND696 and G19833, both common beans (Phaseolus vulgaris L.) of Andean origin. Quantitative trait loci (QTL) analysis was conducted with data from 2 yr and 2 P treatments with a previously described linkage map of AND696/ G19833. Signifi cant environmental and genetic variability for Fe, Zn, and P levels was identifi ed, and Fe and Zn levels were correlated (up to r = 0.53). Quantitative trait loci for seed Fe and Zn co-localized on three linkage groups (B1, B6, and B11). On B6, a QTL for Fe (R 2 = 0.36) was found at the same marker interval as a QTL for seed Zn (R 2 = 0.39), both derived from AND696. Quantitative trait loci for seed P were identifi ed on six linkage groups and explained 17 to 55% of the total phenotypic variation depending on year and environment.
for seed Fe concentration is 34 to >100 mg kg -1 and 21 to 54 mg kg -1 for seed Zn concentration (Beebe et al., 2000) . Increased mineral content in the diet does not guarantee increased micronutrient status for the consumer. There are numerous compounds in plant-based diets that reduce micronutrient absorption by the body. Among these, phytate is the major determinate of Fe and Zn bioavailability in the diet (Lopez et al., 2002) . Phytate (myoinositol 1,2,3,4,5,6 hexakisphosphate) is the major form of phosphorus in cereal and legume seeds (Raboy, 1990) . Seed phytate concentration and total P concentration have been found to be closely correlated (r = 0.98) in bean as in other species (Lolas and Markakis, 1975 (Tsao et al., 1997) . Under human physiological conditions, some phytate complexes are insoluble, thus decreasing the bioavailability of phosphorus and cations, especially iron and zinc, stored as part of the complex (Schlemmer et al., 1995) .
On one hand, P stored in legume seeds (in the form of phytic acid) can reduce micronutrient absorption by humans, but on the other hand, P is an element essential to plant growth that is often limited in the environment. In fact, P defi ciency is one of the most widespread abiotic stresses aff ecting common bean production (Wortmann et al., 1998) . Soil P defi ciency often occurs in the same regions of the world plagued by micronutrient defi ciencies in humans. Screening of common bean germplasm for ability to grow in low soil P conditions has resulted in the discovery of bean lines tolerant to low P soils (Lynch and Beebe, 1995; Yan et al., 1995a; Yan et al., 1995b; Beebe et al., 1997) .
Since biofortifi cation of common bean for Fe and Zn is underway and phosphorus plays such an important role in plant and human nutrition, an increased understanding of the genetics of tolerance to low P soils together with the genetics of seed P, Fe, and Zn concentration will be benefi cial in the development of stress-resistant and micronutrient-fortifi ed crops.
The objectives of this research were fi rst, to measure seed weight and P, Fe, Zn, and phytic acid (PA) levels in a population of Andean recombinant inbred lines (RILs) planted in both low P (LP) and high P (HP) soil. The second objective was to identify quantitative trait loci (QTL) for seed P, Fe, Zn, and PA levels in the RIL population and to examine the relationship among these nutrients in the seed.
MATERIALS AND METHODS
Seventy-seven F 5:7 recombinant inbred lines were developed from a cross between two common bean lines from the Andean gene pool. The initial cross G19833 × AND696 was advanced to the F 5:7 generation by single-seed descent, and seed of the RILs was increased for fi eld studies. The parent G19833 is a Peruvian landrace with an indeterminate growth habit. G19833 has large yellow and red mottled seed with an average 100-seed weight of 46 g. G19833 has also been identifi ed as tolerant to LP soils (Yan et al., 1995a; Yan et al., 1995b) and as having high micronutrient concentrations . The parent AND696 is a CIAT-improved line from the race Nueva Granada. It has a determinate growth habit and large red and cream mottled seed with an average 100-seed weight of 51 g. AND696 has been identifi ed as susceptible to LP soils (CIAT, 2000) .
In 2000 and 2005, the 77 RILs and AND696 (2005 only) were planted in Darien, Colombia (3°54´ N, 76°30´ W, 1485 m above sea level, average yearly temperature 20°C, average relative humidity 80%, average yearly rainfall 1288 mm in 189 d of rain per year), with three replications at two soil P levels, LP and HP. The soil at the fi eld site is an Udand with native soil phosphorus of 2 mg kg −1 determined by Bray II extraction (Olsen and Sommers, 1982) , pH 5.6, and 10.6% organic matter (Dicromatesulfuric acid oxidation). Several years of fertility management to generate high and low phosphorus plots in this location resulted in plots having markedly diff erent native phosphorus availability with average phosphorus concentration of 64.3 g kg −1 and 1.7 g kg −1 for high and low phosphorus plots, respectively. Before planting, the HP plot received 45 kg ha −1 phosphorus and the LP plot received 7.5 kg ha −1 phosphorus as triple-super-phosphate. At maturity, seeds were hand-harvested. Seeds were dried and 100-seed weight and seed yield were determined at 12% moisture. A subsample of seed was analyzed for P, Fe, and Zn concentration. Five grams of seed of each treatment and replication were cleaned with distilled water and dried. They were then freeze-dried to remove all moisture. Freeze-dried samples were ground to a fi ne powder using Tefl on capsules and zirconium grinding balls to avoid contamination by metals. Total seed P analysis via colorimetry was conducted according to Murphy and Riley (1962) . Seed P concentration is expressed in grams per kilogram. Seed P content was also determined and is expressed in milligrams per seed.
Iron and Zn were extracted from seed with a nitric-percloric (2:1) digestion according to the method of Benton and Jones (1989) . Atomic absorption spectrometry was subsequently used to measure Fe and Zn concentration of the seed samples. Seed Fe and Zn concentrations are expressed in milligrams per kilogram. Seed Fe and Zn content was also determined and is expressed in micrograms per seed.
Phytic acid was measured in seed from the 2005 season by high-performance liquid chromatography (HPLC) using a modifi ed version of Graf and Dintzis (1982) . Sample preparation for PA analysis in bean seed was conducted following the procedure of Lehrfeld (1989) . Phytic acid was extracted from the samples by the addition of 20 mL 0.65 M HCl (trace element grade) to 0.500 g of sample. The acidifi ed samples were mechanically agitated at 250 rpm for 2 h at 21°C. Samples were centrifuged at 4000 rpm for 15 min. The supernant was collected, fi ltered, and diluted 1:5 (v/v) with HPLC-grade water. A 3-mL aliquot of the diluted sample (15 mL total) was passed through a Bond Elut strong anion exchange column (Varian, Walnut Creek, CA) for purifi cation. The column was equilibrated with 5 mL 0.14 M HCl, followed by a 10 mL wash with 0.5 M HCL. Phytic acid was eluted from the column with 3 mL 2 M HCl. The eluted fraction containing PA was freeze-dried and dissolved in 5 mM sodium acetate. The dissolved sample was fi ltered through a 2 μm fi lter. Phytic acid levels in each sample were quantifi ed by HPLC with a refractive index detector. The column used for levels were higher in the HP treatment across years. In 2005, seed Fe levels were 9.5% higher in HP compared with the LP treatment. In 2000, Fe levels were 1.5% higher in HP vs. LP (Table 2 ). Seed Zn levels were on average 12% higher in the LP treatment than in the HP treatment across years (Table 2 ). All traits exhibited a signifi cant year eff ect (Table 1) , and seed weight, seed P concentration, seed P content, seed Fe content, and seed Zn content also exhibited a signifi cant genotype × year interaction (Table 1) .
Seed PA percentage and PA content were both significantly infl uenced by environment, but only seed PA content showed signifi cant genotype eff ect (Table 3 ). The mean PA concentration for RILs was 0.97 ±0.15 in LP and 1.25 ±0.17 in HP (Table 2 ). The range of PA concentration in LP for RILs was 0.78 to 1.15 while for HP it was 0.95 to 1.51, ( Table 2) .
Variation for seed Fe concentration was greater in the RILs than was variation for seed Zn concentration. The greatest variability for each trait was observed in 2005. Across P treatments and years, the diff erence between the lowest and the highest RIL for seed Fe concentration was 40.8 mg kg −1 and for seed Zn concentration, 16.5 mg kg −1 . Seed Fe and Zn levels were positively correlated across years and environments. In 2005 the correlation was greater in the LP treatment (r = 0.53) than in the HP treatment (r = 0.31) ( Table 4) . Seed P levels were positively correlated with Fe and Zn levels across years and environments (Table 4) .
The correlation between seed P and seed PA was signifi cant under both environments (0.38 and 0.30 for LP and HP, respectively) ( Table 4) .
While both AND696 and G19833 are large-seeded beans, there was variability in the population for this trait. Seed weights of the RILs were on average 2 to 3 g larger in HP compared with LP. There were weak correlations with seed weight and seed Fe, Zn, and P levels observed (Table 4) . A single negative correlation between seed weight and seed P was observed in LP 2000 (r = -0.13) ( Table 4) .
QTL Identifi cation
Using CIM, 43 QTL were identifi ed for fi ve seed traits in 2 yr and 2 P treatments on 9 linkage groups. Twenty-six analysis was a Waters Symmetry C18 column (3.9 mm × 150 mm) (Waters, Milford, MA) heated to a temperature of 40°C. Sodium acetate (5 mM) was used as the solvent at a fl ow rate of 1.4 mL min −1
. Phytic acid dodecasodium salt from corn (Zea mays L.) (Sigma, St. Louis, MO) was used as a standard to determine PA concentration. Data was converted to percentage of phytic acid (molecular weight = 660 g/mol) in the total seed. Additionally, the phytate content per seed was determined and is expressed in milligrams per seed.
Statistical analysis of phenotypic traits measured was conducted with SAS for Windows V8 (SAS Institute, Cary, NC). The command PROC GLM was used to determine P treatment, genotype, year, and interaction eff ects via analysis of variance. The command PROC CORR was used to determine Pearson correlation coeffi cients among variables.
A linkage map of the G19833/AND696 was developed using JoinMap 3.0 for Windows (Van Ooijen and Voorrips, 2002) as described in Cichy et al. (2009) . This 1105-cM map, representing all 11 linkage groups of common bean, was developed with simple sequence repeat, amplifi ed fragment length polymorphism, and random amplifi ed polymorphic DNA markers (Cichy et al., 2009) . Quantitative trait loci analysis was conducted with the genetic map developed with the JoinMap program and with the phenotypic means for each RIL collected from the fi eld study. The computer software program Windows QTL cartographer version 2.5 (Wang et al., 2006 ) was used to identify QTL for seed weight and seed P, Fe, and Zn concentrations. The composite interval mapping (CIM) feature of Windows QTL cartographer employing the forward and backward regression model set to 10-cM window size and 1-cM walkspeed was used to identify QTL. Composite interval mapping analysis is based on maximum likelihood estimates and linear regression to identify QTL within marker intervals. Signifi cant QTL were considered by defi ning the log of odds score at p = 0.01 after 1000 permutation tests (Churchill and Doerge, 1994) . When more than one QTL was identifi ed for a trait, multiple interval mapping (MIM) was used in conjunction with CIM to determine if there were epistatic interactions among QTL. Multiple interval mapping is similar to CIM, but multiple marker intervals are tested simultaneously to fi t multiple putative QTL.
RESULTS

Phenotypic Variation
In this study of RILs grown under P-suffi cient and P-limiting environments, genotype and P treatment infl uenced seed weight and P, Fe, and Zn concentrations and contents across years. In the case of seed P concentration, seed P content, and seed Fe content, a signifi cant genotype × P treatment interaction was observed (Table 1) . In HP treatment, average seed weight was 4.8% greater in 2000 and 6.5% greater in 2005 than in the LP treatment (Table 2) . Seed P concentration was higher in the HP treatment, and average increases of 23% were observed over the LP treatment across years. Iron percent of the QTL were clustered on linkage groups B1 and aff ected more than one trait. An additional 28% of the QTL were located on linkage group B6 in two separate regions and also aff ected multiple traits. Individual QTL explained 8 to 40% of the phenotypic variation, and total phenotypic variation explained for any one trait was 17 to 81% (Table 5 ). Since numerous QTL were identifi ed for each seed trait studied here, MIM was used to identify epistatic interactions among QTL, and no such interactions were found for seed weight or P, Fe, or Zn concentrations.
Seed Weight
Quantitative trait loci for seed weight were identifi ed on four linkage groups, B1, B2, B6, and B7. Quantitative trait loci on B1 for seed size were unique to 2000 (Table 5 , Fig. 1 ). The QTL on B2 were specifi c to 2000 in both the HP and LP treatments. A QTL for seed weight was identifi ed on linkage group B6 in each year and environment where the increased eff ect was contributed by G19833 (Table 5 , Fig. 1 ). This QTL explained 21 to 27% of the phenotypic variability in 2005, depending on environment, and only 10 to 18% of the variability in 2000. An additional QTL for seed size was found in 2005 on B7, where the increased eff ect was contributed by AND696 (Table 5 , Fig. 1 ).
Seed Phosphorus and Phytic Acid
Quantitative trait loci for seed P were found on B1 near the fi n gene for plant growth habit, which explained 18 to 32% of the phenotypic variation for this trait depending on year and soil P level (Table  5) . Quantitative trait loci for seed P identifi ed on B1 were conferred by G19833 in the HP treatment and by AND696 in the LP treatment (Table 5) . None of the remaining fi ve QTL identifi ed for seed P colocalized with other QTL for seed P across year or P treatment. The QTL for seed P on B8 had an R 2 of 0.40 and was conferred by AND696.
Two QTL were detected for PA, which mapped to locations on B4 and B8 unique to this trait (Table 5 ). Both of the QTL for PA concentration were conferred by AND696 (Table 5) .
Seed Iron and Zinc
Quantitative trait loci for seed Fe and Zn concentrations were identifi ed across years and environments in the same regions of B1, B6, and B11 (Table 5) . Quantitative trait loci found on B1 were near the fi n gene and also overlap with QTL for seed P concentration. G19833 was the source of the QTL identifi ed for Fe and Zn concentration in the seed on B1. Quantitative trait loci identifi ed on B6 for seed Fe explained 14 to 36% of the phenotypic variation and for Zn concentration explained 12 to 39% of the phenotypic variation, and AND696 was the source of each of these QTL (Table 5) . Quantitative trait loci identifi ed on B11 for seed Fe concentration explained 12 to 23% of the phenotypic variation and for Zn concentration explained 9 to 15% of the phenotypic variation, and G19833 was the source of each of these QTL (Table 5) . Additional QTL were found for seed Fe concentration on B5, B8, and B9 and for seed Zn concentration on B5 (Table 5 , Fig. 1 ) that were specifi c to year and environment conditions.
Seed traits in high (HP) and low (LP) phosphorus soil conditions for parents AND696 and G19833 and the means and ranges of recombinant inbred lines (RILs
DISCUSSION
Increasing the Fe and Zn concentration of seed crops is a major goal that bridges agriculture and human nutrition. In common bean, signifi cant natural variability exists for seed Fe and Zn, making such a goal achievable through plant breeding (Beebe et al., 2000) . The parental lines used in this study were both of the Andean gene pool, which makes the fi ndings especially important because Andean beans are extensively grown in southern and eastern Africa, in locations where people consuming the beans are especially at risk for micronutrient defi ciency (Aggarwal et al., 2004) . Previous studies have identifi ed genotypic diff erences for seed P, Fe, and Zn under normal P growing conditions, such that G19833 had signifi cantly higher concentrations of seed P, Fe, and Zn than AND696 (Ariza-Nieto et al., 2007) . Within the AND696/G19833 RIL population, Fe levels ranged from 38 to 79 mg kg −1 and Zn levels ranged from 16 to 33 mg kg −1 , and these values fall within the expected range on the basis of bean germplasm screening (Beebe et al., 2000; Guzmán-Maldonado et al., 2003) . In a previous QTL study of seed Fe concentration in a Mesoamerican intra-gene-pool cross, seed Fe levels also appeared to be quantitatively inherited. In that study, two QTL were identifi ed that together explained 25% of the phenotypic variation (Guzmán-Maldonado et al., 2003) .
Seed Zn concentration was observed to be quantitatively inherited, with two or more QTL for seed Zn identifi ed in each of the environments, with a single QTL explaining no more than 39% of the phenotypic variation, whereas previous studies in bean populations developed within the Mesoamerican gene pool, specifi cally the navy bean market class, had found seed Zn concentration to be controlled by a single major gene and a modifying gene (Cichy et al., 2005; Gelin et al., 2007) .
Understanding the genotype × P treatment interactions of seed Fe and Zn is essential to developing nutritious seeds for diff erent environmental conditions. In this study, G × P treatment was not signifi cant for Fe or Zn seed concentration, suggesting that breeding for increased levels of these elements is possible under diverse soil P environments. There was a signifi cant genotype × P treatment eff ect for seed Fe content, unlike when values are expressed on a concentration basis; seed weight is taken into consideration. It should be pointed out that the soil P treatment aff ected seed Fe and Zn levels diff erently. Whereas seed Fe increased with increased soil P, seed Zn decreased as soil P increased. The inhibition of Zn uptake by high levels of soil P, known as P-induced Zn defi ciency, has been observed previously in common bean (Singh et al., 1988) , and this may be what is being observed in the seed.
Mutational studies in plants have shown that many genes aff ect micronutrient accumulation and many remain to be discovered. Quantitative trait loci analysis will allow gene discovery to move forward for genes underlying natural variation in seed Fe and Zn levels (Ghandilyan et al., 2006) . The positive correlation of seed Fe and Zn concentrations observed here has also been reported in Mesoamerican beans (Guzmán-Maldonado et al., 2003; Gelin et al., 2007) . Overlapping QTL for Fe and Zn concentration were identifi ed on three linkage groups in this study. This demonstrates the possibility of breeding for these traits simultaneously.
Linkage group B6 has also been found to be important to seed nutrients in an Andean × Mesoamerican cross (G19833 × DOR364) with positive alleles derived from G19833 (CIAT, unpublished) . It is valuable to further investigate this region, as many QTL mapped to a 30-cM region on B6. B11 has been shown to be important for seed Fe and Zn levels in an Andean × Mesoamerican cross (DOR364 × g19833) .
In Arabidopsis, co-localization of micronutrient concentration has been observed in QTL analysis, most strikingly that of Zn and Mn (Vreugdenhil et al., 2004) . This fi nding is not unexpected, and some transporters involved in Fe and Zn uptake have been found to transport a variety of divalent cations (Grotz and Guerinot, 2006) .
Identifi cation of QTL for seed weight may also be useful given consumer preference for specifi c seed sizes. All the regions found here to contain QTL for seed weight have been identifi ed previously as important for this trait in various populations. B2 was previously identifi ed to contain a QTL for seed weight in an Andean × wild bean cross (Blair et al., 2006) . Quantitative trait loci for seed weight have previously been identifi ed on B6 in a population developed from bean lines PC50 and XAN159 (Park et al., 2001) . The QTL for seed weight identifi ed here were largely separate from QTL for Fe and Zn, which is important Table 5 . Putative quantitative trait loci (QTL) for seed traits identifi ed from recombinant inbred lines developed from an AND696/ G19833 cross grown under high (HP) and low (LP) soil phosphorus conditions. Linkage group location and nearest marker to the peak log of odds (LOD) value are given for each QTL. The linkage groups contain random amplifi ed polymorphic DNA (named as a letter-number combination followed by fragment size in base pairs, amplifi ed fragment length polymorphism (named as four letters and two numbers with fi rst two letters of: AA, AC, AG, CA, CC, CG, CT, GC, GG), simple sequence repeat (fi rst two to three letters: AG, ATA, BM, GAT, ME, PV) markers, and one phenotypic marker (fi n) for a total of 1105 cM on 11 linkage groups (Cichy et al., 2009 ). The horizontal line across QTL indicates the position of highest log of odds (LOD) peak as identifi ed with composite interval mapping. The outer interval (thin line) is the 2-LOD threshold and the inner interval (thick line) is the 1-LOD threshold. HP, high P treatment; LP, low P treatment.
and suggests the possibility of breeding for increased concentration of these micronutrients without impacting seed weight. Most QTL for seed P did not co-localize across years and environments as did QTL for seed Fe, Zn, and weight. This is not unexpected, as there were two soil P treatments and there was a signifi cant genotype × P treatment eff ect for seed P. On B1 and B6, QTL for increased seed Fe and Zn concentration co-localized with QTL for seed P concentration. The QTL for seed P on B1 was near the fi n gene, a major gene in bean responsible for determinacy (Koinange et al., 1996) . The QTL for seed P were contributed by G19833, the indeterminate parent exhibiting tolerance to low P soils, in the HP treatment but were contributed by AND696 in the LP treatment. Indeterminate plants generally continue root growth beyond fl owering, whereas determinate plants do not (Huyghe, 1998) . Therefore, indeterminate plants may continue nutrient uptake from the soil, which may explain why this region of the genome infl uenced these traits for increased nutrients in the seed. This region of the genome (linkage group B1) may contain genes that improve tolerance to low P soils as well, as QTL for yield in low P soil has also been identifi ed in this region (Cichy et al., 2009 ).
Further research is also required to determine the consequences of simultaneously selecting increased seed Fe, Zn, and P levels on the bioavailability of these micronutrients in humans on consumption. Seed total P is also a useful indicator of seed phytic acid since they are strongly correlated (r = 0.98) (Lolas and Markakis, 1975) , although none of the QTL for seed PA found here co-localized with QTL for seed Fe or Zn. In Arabidopsis QTL for seed PA levels have been separate from those for seed Fe and Zn levels, suggesting that it is possible to increase Fe and Zn levels without increasing phytate levels as well (Bentsink et al., 2003; Ghandilyan et al., 2006) . Analysis at CIAT also showed QTL for P and PA to be separate from QTL for Fe and Zn (Blair, unpublished) .
In summary, signifi cant variability for seed weight and P, Fe, and Zn concentrations and contents was present in the AND696/G19833 population. Seed P concentration was correlated with seed Fe and Zn concentrations. Quantitative trait loci for these traits were found to co-localize on linkage group B1 and B6. Seed Fe and Zn concentrations were also correlated, and QTL for these traits co-localized on B1, B6, and B11. The absence of G × P treatment interactions for seed Fe and Zn concentrations is promising in terms of future development of lines with increased levels of these nutrients when planted in diverse environments.
